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ABSTRACT  
Rosemary is one of the most appreciated natural sources for bioactive compounds with different activities such 
as antioxidant, antimicrobial or anticarcinogenic. Antioxidant activity has been associated to some of its 
components, among them, phenolic diterpenes such as carnosic acid, carnosol and rosmarinic acid.  
A careful selection of the extraction process together with the optimization of the extraction conditions, are of 
high importance to obtain rosemary extracts with high bioactivity. Among the different extraction processes, 
supercritical fluid extraction (SFE) and pressurized hot water extraction (PHWE) have demonstrated to be the 
most selective and environmental friendly techniques. However, extracts obtained by these processes usually 
require a drying step (freeze or hot drying step) which is both energy and time consuming.  
In this work, a new process combining PHWE and powder formation on-line (water extraction and particle 
formation on-line process, WEPO®) has been developed to obtain dry antioxidant powder from rosemary leaves 
in one step. In this process, parameters related to the extraction efficiency and selectivity (water flow rate and 
temperature) as well as parameters involving spray stability and powder formation have been considered at the 
same time. The obtained extracts have been evaluated in terms of their antioxidant activity using the DPPH 
method.  
Finally, in order to assess the viability and environmental impact of the new process, a comparison with other 
green processes used for antioxidant extraction from rosemary leaves such as SFE and PHWE (both followed by 
a freeze drying step) has been performed in terms of Life Cycle Assessment (LCA). Moreover, a sensitivity 
analysis of the LCA has been carried out to study the different environmental impact between the processes 
whether they are employed in different countries.  
 
INTRODUCTION 
Rosemary has been extensively studied for its beneficial properties such as antioxidant [1, 2], antimicrobial [3] 
or anticarcinogenic [4]. Antioxidant activity has been mainly attributed to the presence of phenolic diterpenes 
such as carnosic acid, carnosol and rosmarinic acid [5]. To selectively extract antioxidant compounds from 
rosemary, several processes have been optimized, such as pressurized hot water extraction (PHWE) and 
supercritical fluid extraction (SFE) [6-9]. However, depending on the type of process and compounds of interest, 
either water or a polar organic solvent are needed and therefore, extracts obtained usually require a drying step 
which is both energy and time consuming.  
One of the most promising ways to dry compounds from organic solutions is the use of particle formation 
processes based on supercritical fluids; these processes involve different solvent-antisolvent steps [10, 11]; in the 
case of aqueous solution, these processes are not suitable for drying due to the low solubility of supercritical 
carbon dioxide (scCO2) in water. In 2009, we patented a new process combining PHWE plus particle formation 
on-line (WEPO, Water Extraction and Particle formation On-line) as a novel way to obtain dried complex 
extracts from rosemary leaves in one step [12]. Recently, the WEPO process has been described and studied for 
the production of antioxidant powders from fresh onion as well [13]. In the present work we present the WEPO 
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 Antioxidant capacity analysis 
The antioxidant capacity of the different extracts was determined by the DPPH radicals capture method, by using 
the following procedure [15]: 23.5 mg of DPPH were dissolved in 100 mL of methanol. This stock solution was 
diluted 1:10 with methanol. Then 0.1 mL of rosemary extracts at different concentrations and 3.9 mL of DPPH 
diluted solution were placed in test tubes to complete the final reaction media (4.0 mL). Reaction was completed 
after 4 h at room temperature and absorbance was measured at 516 nm in a UV/VIS Lambda 2 Perkin Elmer Inc. 
spectrophotometer (Wellesley, MA, USA). Methanol was used to adjust zero and DPPH-methanol solution as a 
reference sample.  
The DPPH concentration in the reaction medium was calculated from the following calibration curve, 
determined by linear regression (n= 7; r= 0.9999) as [DPPH] = (Abs + 0.0029) / 0.0247. The percentage of 
remaining DPPH against the extract concentration was then plotted to obtain the amount of antioxidant necessary 
to decrease the initial DPPH concentration by 50% or EC50. 
Life cycle assessment (LCA) 
The SimaPro software PRé 7.3 was used to perform LCA calculations. Thus, the environmental aspects of SFE, 
PHWE and WEPO processes were compared. The key inventory data along with the database sources for the 
three extraction processes are showed in Table 1. Besides, system boundaries considered in the LCA analysis 
were established. The steps previous to the extraction and those after production stage are not included since 
these are assumed to be identical for all the processes studied. For SFE and PHWE, a drying step (vacuum 
drying for SFE and freeze drying for PHWE) has been included. Solid and liquid disposal and emissions were 
also considered in the forms they are produced, i.e. composting, incineration, wastewater treatment or emission 
to air. The energy consumption of each component employed in the extraction process (oven, pump, freezer, 
freeze dryer, rotavapor) was calculated based on their specification and uptime.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The characterization method used in the study was CML 2 baseline 2000 V2.05 (available in the SimaPro 
software) which include ten impact categories (abiotic depletion, acidification, eutrophication, global warming, 
ozone layer depletion, human toxicity, fresh water aquatic ecotoxicity, marine aquatic ecotoxicity, terrestrial 
ecotoxicity, and photochemical oxidation). Besides, the cost derived by the energy employed in each process 
 PHWE SFE WEPO Data Source 
Products 
Rosemary extract 1 kg 1 kg 1 kg - 
Inputs 
From nature     
Rosemary 2.6 kg 15.4 kg 3.6 kg - 
From technosphere     
Water 47.5 kg - 23.5 kg Ecoinvent 
Nitrogen 738.8 kg  - 3.6 kg ELCD 
Carbon dioxide - 526.1* kg 26.1 kg  Ecoinvent 
Ethanol - 38.8 kg  - Ecoinvent 
Electricity 4.07 kWh 127 kWh 0.737 kWh Ecoinvent 
Outputs 
Emissions to air     
Water - - 23.5 kg  - 
Nitrogen - - 3.6 kg  - 
Carbon dioxide - 27.7* kg 26.1 kg  - 
Waste to treatment     
Solid waste 1.6 kg 14.4 kg  2.6 kg  Ecoinvent 
Waste water 47.5 kg - - LCA Food DK 
Solvents mixture - 38.8 kg - Ecoinvent
Table 1. Key inventory data for production of rosemary extracts (1 kg) by PHWE, SFE and WEPO 
*The amount of CO2 corresponded with the net value used taking into account a recycling of 95 % and a 
loss of 5 % from the initial amount (553.8 kg) 
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 The high significance of electricity consumption in the three production processes compared in this study is 
clear in the environmental impact categories considered as well as for associated costs. In fact, even those 
processes using CO2 (SFE and WEPO), which expected impact in terms of global warming could be stronger, 
are more influenced by the amount of CO2 necessary to take electricity to the production facilities than on the 
amount of CO2 used for the production of antioxidant rosemary extract. As a consequence, the WEPO process 
could be outlined as the greenest way to obtain high quality antioxidants from natural origin compared to other 
well-established green production ways. 
Due to the large impact of electricity, a sensitivity assessment of the LCA was carried out to study the different 
environmental impact among the three processes in different countries. This study demonstrated that the lowest 
environmental impact in all the categories is obtained for the WEPO process, independently of the country.  
CONCLUSION  
The WEPO process can be considered a suitable and promising process to obtain, in only one step, dry rosemary 
extracts with high antioxidant capacity from rosemary leaves. Besides, the viability and environmental impact of 
the WEPO process has been assessed, in comparison with other green extraction processes (SFE+vacuum 
drying, PHWE+freeze-drying and WEPO), in terms of LCA. The results obtained demonstrated that the lowest 
environmental impacts in all the categories were achieved using the WEPO process.  
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